Introduction
The development of neutralizing antibodies against factor VIII (FVIII) inhibitors in approximately 25% to 30% of severe hemophilia A patients represents the most serious adverse event after replacement therapy with FVIII products. 1 This problem has been known for many years, yet why some patients develop FVIII inhibitors while others do not is still far from clear.
Antibodies directed against FVIII have been found to be comprised of a polyclonal IgG response. 2, 3 Clinical and experimental data indicate that FVIII inhibitor development depends on CD4 ϩ T-cell help. [4] [5] [6] Interactions between B cells and CD4 ϩ T cells not only initiate expansion and differentiation of B cells, but also trigger isotype switching and affinity maturation of antibodies. 7, 8 In clinical practice, antibody responses against FVIII are commonly identified as FVIII inhibitors by using the Bethesda or Nijmegen-modified Bethesda Assay. 9 Although these assays have provided important results, greatly contributing to our understanding of the loss of FVIII function seen in patients, FVIII inhibitors do not reflect the whole picture of FVIII-specific antibody responses. More recently, several assay platforms for the detection of total FVIII-binding antibodies were presented which were based on classic ELISA formats, immunoblotting or bead-based formats. [10] [11] [12] [13] Studies using these platforms clearly showed that neutralizing antibodies represent only part of the overall antibody spectrum directed against FVIII. As expected, there are binding antibodies with specificity to FVIII that do not neutralize the protein and, therefore, are not detectable using a Bethesda assay. In addition, circulating antibodies against FVIII are found in a proportion of patients without FVIII inhibitors and even in some healthy individuals. 12 So far, the biologic significance of FVIII-binding antibodies in patients without FVIII inhibitors and in healthy individuals has not been elucidated. Studies in other diseases indicated that nonneutralizing binding antibodies against therapeutic proteins may alter the protein's pharmacokinetic or pharmacodynamic profiles. 14, 15 Furthermore, recent studies of self-reactive antibodies in healthy individuals indicated that these antibodies might be involved in the maintenance of immune homeostasis. 16, 17 Gilles et al and others reported that the antibody response to FVIII in patients is not isotypically restricted and involves all IgG subclasses with a preponderance of IgG1 and IgG4. 18 Only limited information is available on the characteristics of antibodies against FVIII which are found in patients without FVIII inhibitors and in healthy individuals. Most studies that have been published have incorporated affinity purification steps associated with acid treatment of the antibody preparation [19] [20] [21] which might have created artificial multireactivity that would not be seen in vivo. 22, 23 Therefore, results of previous studies have to be interpreted with caution.
We present a comprehensive set of data on antibodies against FVIII, including their Ig isotypes and IgG subclasses, found in healthy individuals and in hemophilia A patients with and without FVIII inhibitors. We established and validated ELISA-based assays that were set up according to current regulatory guidelines for the assessment of the immunogenicity of protein therapeutics. 24, 25 Using these assays, we analyzed plasma samples from 600 healthy individuals stratified by age, sex, and geography as well as samples from 77 hemophilia A patients without FVIII inhibitors, 20 hemophilia A patients with inhibitors, and 23 hemophilia A patients who had undergone successful immune tolerance induction therapy (ITI). In addition, we included plasma samples from 9 acquired hemophilia A patients for comparison.
Our results estimate the prevalence of FVIII-binding antibodies in the healthy population and in different populations of patients with hemophilia A, with separate calculations for antibody titers Ͻ 1:80 and antibody titers Ն 1:80. Moreover, data on Ig isotypes and IgG subclass distribution of FVIII-binding antibodies indicate important differences between antibodies found in patients with FVIII inhibitors and antibodies found in patients without inhibitors and in healthy individuals. These differences might be indicative of different immune regulatory pathways that drive the development of antibodies against FVIII in the different study cohorts.
Methods

Human plasma samples
Samples of citrated human plasma were collected and stored at Ϫ20°C until analysis. All patient samples were received after the subjects or their guardians, respectively, gave written informed consent in accordance with the Declaration of Helsinki, and with the approval from the local ethical committees.
Healthy individuals
Plasma samples from 600 healthy donors were chosen from registered plasma donors in 6 different geographies: 100 plasma samples from centers throughout Austria and 100 samples from each of the following locations in United States: Ammon, ID; Elkhart, IN; Fargo, ND; Lakeland, FL; and Laredo, TX. This was done to achieve an equal proportion of each sex (50 females and 50 males per plasma center) and a uniform distribution of age (18-66 years) within each sex and plasma center.
Patients with hemophilia A
Plasma samples from 120 subjects with severe congenital hemophilia A (FVIII Ͻ 1%) were obtained from the Medical University in Bonn, Germany, the Medical University in Vienna, Austria, and the Institute of Hematology and Transfusion Medicine, Warsaw, Poland. Twenty samples were obtained from subjects with current FVIII inhibitors, with a median time from inhibitor diagnosis of 52 months (intraquartile range [IQR], 12-176 months) and a median historic peak inhibitor titer of 143 BU/mL (IQR, 88-213 BU/mL). Twenty-three samples were obtained from subjects after successful ITI, with a median time after successful completion of ITI of 165 months (IQR, 95-251 months) and a median historic peak inhibitor titer of 11 BU/mL (IQR, 2-22 BU/mL). The criteria of successful completion of ITI were negative Bethesda assay, FVIII recovery Ͼ 66% and FVIII half-live Ͼ 6 hours. The remaining 77 samples were obtained from subjects with no history of FVIII inhibitors after at least 100 exposure days to FVIII products without any record of transient inhibitors.
Patients with acquired hemophilia A
For comparison, 9 samples from subjects with acquired hemophilia A were included which were obtained from the Medical School in Hannover, Germany. Samples were taken after the first diagnosis with a median FVIII inhibitor titer of 35 BU/mL (IQR, 7-205 BU/mL).
Human recombinant proteins
Full-length recombinant human FVIII (FVIII) was obtained from Baxter BioScience. Refacto (Pfizer) was used as source for B-domain-deleted recombinant human FVIII (BDD FVIII).
ELISAs for the detection of binding antibodies
ELISAs for the detection of binding antibodies against FVIII were established in compliance with the most recent regulatory guidelines. 24, 25 Polysorp microtiter plates (Nunc) were coated with 1 g/mL FVIII overnight at 4°C. All washing steps were done with phosphate-buffered saline (PBS; pH 7.4, Invitrogen) containing Tween (Merck). Unspecific binding sites were blocked by incubation with preselected blocking buffers for 1 hour at room temperature (RT). Afterward, plasma samples and controls were incubated for 2 hours at RT. Enzyme-conjugated secondary antibodies (see supplemental 
Determination of cutoffs
A predetermined cutoff was established for each assay using a statistical approach based on background signal levels of 160 healthy plasma donors as described in Jaki et al. 26 The initially determined cutoff for IgG2 and IgG4 was very close to the limit of detection of the ELISA reader and outside of the linearity of the positive control curve. To account for the inherent fluctuations in the ELISA signal, the cutoffs for IgG2 and IgG4 were increased by a factor of 2 and 3, respectively. This increased the robustness of the assays while maintaining similar sensitivities.
For the assessment of IgM antibodies a "floating cut point" was established. To account for daily variation, a "floating cut-point correction factor" was used as described by Shankar et al. 27 
Screening assay
Each plasma sample was analyzed twice at a dilution of 1:20. The minimum dilution of 1:20 was chosen to prevent unspecific matrix effects. If the DOD of both analyses was below cutoff, the sample was deemed negative. If the DOD of both analyses was equal to or greater than the cutoff, the sample was considered positive, and subsequently analyzed for antibody titers (see "Determination of antibody titers"). In case of discrepancy, a third repetition was done which determined whether the sample was considered positive or negative.
Determination of antibody titers
The titer of a sample was defined as the highest dilution that still gave a positive signal (DOD Ն cutoff). Appropriate positive controls and samples were diluted in geometric progression, starting at a dilution of 1:20 and continuing with 1:2 dilution steps. Each sample was analyzed at least twice. Based on the validated assay precision of Ϯ 1 titer step (see "Validation of ELISAs for the detection of FVIII-binding antibodies" and supplemental Figure 1 ), a difference of 2 titer steps between the 2 analyses of the same sample was the maximal variation accepted. In approximately 10% of cases, the difference in the results of the 2 analyses of the same sample was more than 2 titer steps. In these cases, a third repetition was done.
If the difference of the 2 analyses of the same sample was 1 titer step, the higher titer was reported. Otherwise, the median titer was reported.
Confirmation of specificity
Plasma samples and controls were preincubated with recombinant human FVIII (100 g/mL) for 1 hour at RT and subsequently assessed for antibody titers as described in "Determination of antibody titers." The specificity of an antibody was confirmed if the competition assay showed an antibody titer that was at least 3 titer steps lower than the antibody titer detected without competition. Based on the validated assay precision, a difference of only 1 or 2 titer steps could be a reflection of the variability of the method. Thus, only plasma samples with an antibody titer Ն 1:80 could be evaluated for specificity.
Positive and negative controls
Each assay involved a FVIII-binding human monoclonal antibody of the respective Ig isotype or IgG subclass as a positive control, all recognized the same FVIII epitope (AbD Serotec). The positive controls were spiked into a negatively screened plasma pool from healthy donors. The positive control antibodies were used to determine the sensitivity of each assay (see supplemental Table 1 ) and for assay validation.
The negative control was a plasma pool generated from negatively screened healthy individuals.
Validation of ELISAs for the detection of FVIII-binding antibodies
All ELISAs were validated with regard to precision (interassay and intraassay variability), specificity, linearity, and robustness. The acceptance criteria for precision of all ELISAs was Ϯ 1 titer step (see supplemental Figure 1 ). Based on this assay precision, differences in antibody titers between 2 samples had to be at least 3 titer steps to be evaluated as different. Differences of only 1 or 2 titer steps could simply reflect the variability of the assays.
The mode titer of the positive controls was defined as the median titer detected during assessment of interassay precision. The validation of an assay was considered successful if the positive control did not differ more than Ϯ 1 titer step from the mode titer, and if all negative controls (diluted 1:20 and tested in 4 parallels) tested negative. During routine analysis of plasma samples, the negative and positive controls had to meet these acceptance criteria. On change of the lot of a critical component (FVIIIcoating antigen, secondary conjugated antibodies, positive and negative controls), the compliance of the new lot with the acceptance criteria during validation was verified by a requalification procedure.
Potential specificity of binding antibodies against FVIII B-domain
Positive samples with titers Ն 1:80 against FVIII were tested for their binding to BDD FVIII using "screening assays" as described in "Screening assays." BDD FVIII was coated at a concentration of 1 g/mL. Samples that tested positive against FVIII but negative against BDD FVIII, were considered to potentially contain only antibodies that recognize the B-domain of FVIII. However, we would like to emphasize that this is a simplified assumption because differences in reactivity against FVIII and BDD FVIII could be because of other reasons, for example, loss of conformational epitopes because of changes in the tertiary structure of the protein.
Detection of neutralizing antibodies against FVIII
All plasma samples that contained FVIII-binding antibodies were tested for the presence of neutralizing antibodies against FVIII in clinical laboratories using a Nijmegen modification of the Bethesda assay. 28 The presence of FVIII inhibitors in 3 samples obtained from healthy individuals were assessed in-house using a commercially available kit (Technoclone) because the available plasma volume was not sufficient for the routine clinical test.
Statistical analysis
The prevalence of FVIII-binding antibodies in study cohorts without FVIII inhibitors was estimated along with 95% confidence intervals (CIs) calculated according to Wilson. 29 The nonparametric coefficient of correlation according to Spearman was calculated for correlation analysis of FVIII-binding antibodies and FVIII inhibitors and for correlation analysis of IgG1 and IgG4 FVIIIbinding antibodies using Prism 5.0 (GraphPad Software).
For the cohort of healthy individuals, subject-specific covariates (age, sex, and geography) were used to model the observed FVIII-binding IgG1, IgG3, or IgA antibodies using a zero-inflated Poisson fixed effects regression model similar to Bonate et al. 30 A fully specified model (including covariates sex, age, and geography in both components) was compared with the null model (trivial model with intercepts only) using the likelihood ratio test. These statistical analysis were performed with SAS Version 9.2 and R Version 2.13.2 31 using R packages pcsl 32 and lmtest. 33 The level of statistical significance was set to 5%.
Results
Prevalence of FVIII-binding antibodies in healthy individuals and in different cohorts of hemophilia A patients
We investigated plasma samples from 600 healthy individuals, 77 subjects with hemophilia A and no history of FVIII inhibitors, 20 subjects with hemophilia A and FVIII inhibitors, 23 subjects with hemophilia A after successful ITI, and 9 subjects with acquired hemophilia A for the presence of FVIII-binding antibodies (IgM, IgA, IgG1, IgG2, IgG3, IgG4). We found the prevalence of FVIII-binding antibodies to be 19% (116 of 600) in healthy individuals, 34% (26 of 77) in patients with hemophilia A and no history of FVIII inhibitors, 100% (20 of 20) in patients with hemophilia A and FVIII inhibitors, 39% (9 of 23) in patients with hemophilia A after successful ITI, and 100% (9 of 9) in patients with acquired hemophilia A ( Table 1) . When we differentiated the results by antibody titers Ն 1:80 and antibody titers Ͻ 1:80, it became apparent that most of the FVIII-binding antibodies that we found in healthy individuals and patients without FVIII inhibitors were antibodies with titers Ͻ 1:80 (Table 1) . Nevertheless, 2% (14 of 600) of healthy individuals, 5% (4 of 77) of patients without FVIII inhibitors and 4% (1 of 23) of patients after successful ITI had antibodies with titers Ն 1:80 that we could confirm for specificity by competition assays. As expected, all hemophilia A patients with inhibitors and all acquired hemophilia A patients had FVIII-binding antibodies with titers Ն 1:80 in at least 1 IgG subclass.
Specificity of FVIII-binding antibodies found in healthy individuals and in patients with hemophilia A without detectable inhibitors
The question arose of whether antibodies with titers Ն 1:80 found in healthy individuals and in patients without detectable FVIII inhibitors were directed against nonfunctional domains of FVIII, for example, against the B-domain, which could explain the lack of neutralizing capacity. To approach this question, we tested the and IgG4 antibodies were most prominent in both hemophilia A patients with inhibitors and in patients with acquired hemophilia A. IgG2 and IgG3 were less frequently detected in these cohorts. IgM and IgA antibodies were rarely seen (Table 3 and Figure 1 ). The isotype and IgG subclass distribution of FVIII-binding antibodies in healthy individuals and in patients without FVIII inhibitors was different. IgG4 was completely absent in these cohorts (Table 3 and Figure 1) . Instead, IgG1, IgG3, and IgA were prominent in healthy individuals; IgG1 and IgG3 were dominant in patients without a history of FVIII inhibitors and IgG1 was dominant in patients after successful ITI.
Next, we were interested to trace the presence of multiple isotypes and IgG subclasses of anti-FVIII antibodies in the same plasma sample. The simultaneous development of different isotypes or IgG subclasses of anti-FVIII antibodies would confirm the polyclonal nature of the antibody response and might also indicate the involvement of different CD4 ϩ T helper cell subtypes in the regulation of the immune response against FVIII. Our results clearly demonstrate that almost all samples obtained from hemophilia A patients with inhibitors, and all samples obtained from Estimated prevalence of FVIII-binding antibodies in healthy individuals, in patients with hemophilia A without inhibitors, and in patients with hemophilia A after successful immune tolerance induction therapy (ITI). Some samples contained more than one population of antibodies of different Ig isotypes and IgG subclasses which were individually assessed for antibody titers Ն 1:80 and antibody titers Ͻ 1:80, respectively. Therefore, the prevalence of antibody titers Ն 1:80 and antibody titers Ͻ 1:80 does not necessarily add up to the total prevalence of positive individuals.
FVIII indicates factor VIII; and CI, confidence interval. 36 Therefore, we asked whether the prevalence of FVIIIbinding antibodies in healthy individuals correlates with the age of the blood donors ( Figure 4A-D) . In addition, we were interested to study the potential impact of sex and geography on the prevalence of these antibodies. FVIII indicates factor VIII; and ITI, immune tolerance induction therapy. *Many samples contained different populations of antibodies that were individually assessed for prevalence. Therefore, the sum of the prevalence of the individual isotypes and subclasses may be Ͼ 100%. BLOOD, 7 FEBRUARY 2013 ⅐ VOLUME 121, NUMBER 6 For personal use only. on June 5, 2017. by guest www.bloodjournal.org From A zero-inflated Poisson regression model was used to model the most prominent FVIII-binding antibodies in healthy individuals (IgG1, IgG3, and IgA, see Table 5 ) using subject-specific covariates (age, sex, and geography). Regarding FVIII-binding IgG1 and IgG3 antibodies, the statistical model provided no statistical evidence that covariates age, sex, and geography of the blood donor contributed to their development. On the other hand, for FVIIIbinding IgA antibodies, there was a statistically significant contribution of age and geography of the blood donor to the development of titers. The fitted statistical model states that controlling for geography of the blood donor, the odds of having an IgA titer Ն 1:20 increased by a factor of 1.395 (95% CI, 1.051-1.852) for each 10-year increase in age. In addition, holding age at a fixed value, the odds of having a titer 
Figure 1. Titers of FVIII-binding antibodies assessed for individual Ig isotypes and IgG subclasses. The detected titers of Ig isotypes and IgG subclasses of FVIII-binding antibodies for (A) healthy individuals, (B) hemophilia A patients without inhibitors (HA-noINH), (C) hemophilia A patients with inhibitors (HA-INH), (D) acquired hemophilia
Discussion
The development of antibodies against FVIII in patients with hemophilia A has been shown to consist of both neutralizing (FVIII inhibitors) and nonneutralizing antibodies. 18 Furthermore, the presence of nonneutralizing FVIII-binding antibodies has been reported not only in patients but also in healthy individuals. 12, 20 Yet, the actual prevalence of total FVIII-binding antibodies in healthy individuals and in hemophilia A patients with and without FVIII inhibitors remains unclear. Our study introduces a comprehensive analysis of the prevalence of FVIII-binding antibodies found in healthy individuals and in different cohorts of patients with hemophilia A. Importantly, we conducted a thorough investigation not only of the neutralizing antibodies but of the total FVIII-binding antibody response, including a breakdown of Ig isotypes and IgG subclasses. To ensure the high quality of our dataset, the assays used in our study were established in accordance with the most recent regulatory guidelines. 24, 25 Investigations of self-reactive antibodies against FVIII have presented conflicting results. The 2 largest studies found a prevalence ranging from 3% (4 of 150) 12 to 17% (85 of 500). 19 Our results reveal an overall prevalence of FVIII-binding antibodies in healthy individuals of 19% (116 of 600). We discovered though that these antibodies were mostly of titers Ͻ 1:80 which were to low to confirm their specificity for FVIII. Therefore, we cannot exclude that these low-titer antibodies represent multireactive antibodies. Only 2% (14 of 600) of our cohort of healthy individuals had antibodies with titers Ն 1:80 which we could confirm for specificity to full-length FVIII. Thirteen of 14 of these plasma samples with titers Ն 1:80 bound to full-length FVIII but not to B-domaindeleted FVIII, providing a hint that these antibodies might be directed against an epitope in the B-domain. An alternative explanation could be that the lack of the B-domain causes structural alterations in the FVIII protein resulting in a loss of conformational epitopes that are recognized by antibodies that bind to full-length FVIII but not to B-domain-deleted FVIII. One of 14 of the samples A patients with inhibitors (HA-INH) . The correlation between titers of FVIII-specific IgG4 and titers of FVIII-specific IgG1 in hemophilia A patients with inhibitors was determined using the 2-tailed nonparametric correlation according to Spearman, and calculated using GraphPad Prism 5 software. The correlation coefficient (r) and the 95% confidence intervals (in parentheses) are indicated. The correlation is significant (*P Յ .05).
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contained antibodies that bound to both full-length and B-domaindeleted FVIII. We hypothesize that these antibodies are of low affinity because they do not seem to negatively impact hemostasis. Recent reports describe a role of low-affinity self-reactive antibodies in the maintenance of immune homeostasis. 16, 17 If this would be the case for FVIII-binding antibodies found in healthy individuals, these antibodies might be involved in the maintenance of peripheral immune tolerance against FVIII.
Interestingly, we observed a statistically significant contribution of age and geography to the development of FVIII-binding IgA antibodies in healthy individuals. While IgA was described to be induced by TGF␤-producing CD4 ϩ T cells, T cell-independent mechanisms for the induction of low-affinity IgA antibodies have also been reported. 37 Signals delivered by serum monomeric IgA are essential in controlling the immune system by preventing the development of autoimmunity and inflammation. 38 Increases of autoantibodies with age have been previously interpreted to be mainly because of either environmental factors such as viral infections and resulting cross-reactivity, or as ongoing changes in immune regulatory mechanisms, such as a decline in regulatory T-cell function. 36 We hypothesize that the correlation of IgA to age and geography could thus be because of both environmental and genetic factors and that these antibodies are in fact of low affinity and possibly involved in immune regulation.
In our cohort of hemophilia A patients without inhibitors, the prevalence of FVIII-binding antibodies was 34% (26 of 77). Nevertheless, only 5% (4 of 77) of these patients had FVIII-binding antibodies with titers Ն 1:80. Inhibitor patients who had undergone Statistical modeling of the relation of IgG1, IgG3, and IgA FVIII-binding antibodies in healthy individuals with covariates age, sex, and location of the plasma center using a zero-inflated Poisson regression model. *The comparison of the full specified model with the null model using the likelihood ratio test resulted in a P value of .8938 indicating that age, sex, and location of the plasma center taken together as predictor variables (not just individually) did not result in a statistically significant improvement in the model fit.
†The comparison of the full specified model with the null model using the likelihood ratio test resulted in a P value of .0803 indicating that age, sex, and location of the plasma center taken together as predictor variables (not just individually) did not result in a statistically significant improvement in the model fit.
‡The comparison of the full specified model with the null model using the likelihood ratio test resulted in a P value of .0055 indicating that age, sex, and location of the plasma center taken together as predictor variables (not just individually) resulted in a statistically significant improvement in the model fit compared to the trivial model. successful immune tolerance therapy were found to have a prevalence of FVIII-binding antibodies of 39% (9 of 23) with only 4% (1 of 23) of them having antibody titers Ն 1:80. As expected, 100% of plasma samples tested from hemophilia A patients with inhibitors (20 of 20) and from acquired hemophilia A patients (9 of 9) contained detectable FVIII-binding antibodies. All of them had titers Ն 1:80 which were confirmed for specificity to FVIII. For comparison, 3 recent studies using bead-based assays reported a prevalence of 50% (23 of 46), 33% (13 of 39), and 18% (28 of 210) for FVIII-binding antibodies in hemophilia A patients without inhibitors. 12, 13, 39 Another study which used an ELISA-based approach found a prevalence of 12% (6 of 49). 40 In contrast to our study which only included patients with severe hemophilia A (FVIII activity Ͻ 1%), the studies presented by Krudysz-Amblo et al, Lebreton et al, and Zakarija et al included patients with all severities of hemophilia A. 12, 13, 39 We believe that discrepancies in results for the prevalence of FVIII-binding antibodies between the various studies might be because of differences in the patient populations investigated and different assay formats. The study by Lebreton et al presented findings indicating that FVIII-binding antibodies found in patients without inhibitors are directed against light chain, heavy chain, or B-domain, with a clear dominance of antibodies directed against the heavy chain. 13 On the other hand, results presented by Vincent et al found antibody specificities directed against only the B-domain. 40 Our own data presented in this study seem to confirm the results reported by Vincent et al, although we did identify 1 of 600 healthy individuals with FVIII-binding antibody titers Ն 1:80 that recognized both fulllength FVIII and BDD FVIII.
The antibody response against FVIII in patients with hemophilia A and FVIII inhibitors was demonstrated to be a polyclonal IgG response that is not restricted isotypically. IgG1 and IgG4 were reported to be the major components of anti-FVIII antibodies. 3, 11, 18 Similar to previous findings, IgG1 and IgG4 were the dominant subclasses of antibodies against FVIII found in our cohorts of patients with FVIII inhibitors. Both subclasses correlated well in titer with the titers of neutralizing antibodies. Samples tested from acquired hemophilia A patients possessed a similar antibody pattern as patients with congenital hemophilia A and FVIII inhibitors. Strikingly, IgG4 was only found in patients with FVIII inhibitors but not in healthy individuals, in patients without FVIII inhibitors, or in patients after successful ITI. For comparison, the most recent study investigating IgG subclass distribution in hemophilia A patients undergoing ITI by van Helden et al found detectable FVIII-binding IgG4 antibodies in 16 of 20 patients. 11 The 4 patients negative for IgG4 had low Bethesda titers (Ͻ 2.0 BU/ mL). The sensitivity of the assays used by van Helden et al was in the range of 20 ng/mL. For comparison, the sensitivity of our assay for FVIII-binding IgG4 antibodies was 0.8 ng/mL which is approximately 25-fold more sensitive than the assay used by van Helden et al. Thus, minor differences in the prevalence of FVIII-binding IgG4 antibodies between our study and the study by van Helden et al might be because of differences in the sensitivity of the assays used. Our findings highlight the significance of IgG4 in the neutralizing immune responses against FVIII, and raise the question of which immunologic pathways are responsible for the differentiation of FVIII-specific B cells into IgG4-producing plasma cells. Furthermore, it provokes an investigation into understanding how these pathways are triggered selectively in patients with neutralizing antibodies against FVIII. The class switch to IgG4 has been described to depend on a type 2 helper CD4 ϩ T-cell response. 41 Moreover, growing evidence links IgG4 to IL-10-producing regulatory CD4 ϩ T cells, as IL-10 was shown to be required to drive the differentiation of IgG4-switched B cells to IgG4-secreting plasma cells. 42 IgG4 has long been considered as a nonpathologic antibody subclass with anti-inflammatory properties. 41 It is functionally different from other IgG subclasses because of its poor ability to activate complement and Fc-receptorexpressing effector cells. 43 van der Neut Kolfschoten et al reported that IgG4 antibodies can exchange their Fab arms by swapping a heavy chain and attached light chain (half-molecule) with a heavy-light chain pair from another molecule, which would result in functional monovalency of IgG4 molecules and prevent crosslinking of identical antigens. 44 Recently, a new class of IgG4-related systemic fibroinflammatory diseases was described. One of the immunologic characteristics of these diseases is the activation of regulatory T (Treg) cells, 45, 46 which is indicated by a higher expression level of the forkhead box P3 (FOXP3) mRNA in tissues as well as infiltrates of CD4 ϩ CD25 ϩ Treg cells at affected sites and increased numbers of CD4 ϩ CD25 high Treg cells in the blood. 45, 46 These findings further support the association of IgG4 with the activation of Treg cells. Still, it remains to be seen whether the dominant induction of IgG4 FVIII-binding antibodies found in patients with hemophilia A and FVIII inhibitors is indeed linked to the activation of Treg cells.
In summary, our data confirm that FVIII-binding antibodies are found not only in hemophilia A patients with FVIII inhibitors but also in patients without FVIII inhibitors and in healthy individuals. The distribution of Ig isotypes and IgG subclasses of FVIII-binding antibodies differs between patients with FVIII inhibitors on one hand and patients without inhibitors and healthy subjects on the other hand. Total absence of detectable FVIII-binding IgG4 in all study populations except patients with FVIII inhibitors is the most striking finding of this study. These differences could be indicative of different immune regulatory pathways that drive antibody responses against FVIII in the different study cohorts. For a better understanding on how the immune system decides whether or not do develop FVIII inhibitors, future studies should focus on the longitudinal analysis of FVIII-binding antibodies in early phases of FVIII replacement therapy, which are likely to be most important for the regulation of FVIII-specific immune responses in patients.
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